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To establish the in vivo mechanism of synthesis and 
accumulation of epidermal pyrrolidone carboxylic acid 
(PCA), enzymes potentially capable of PCA synthesis 
have been quantified and located within the guinea pig 
epidermis. Intermediates in the synthesis of eHJPCA 
from a pulse of [3H]glutamine have been identified and 
quantified to determine which of the several possible 
metabolic routes occurs in vivo. PCA appears to be syn-
thesized from substrate derived from the breakdown 
within the stratum corneum of protein synthesized sev-
eral days earlier. The predominant route is probably via 
the nonenzymic cyclization of free glutamine liberated 
from this protein. In view of the high activity of y-glu-
tamyl cyclotransferase in the stratum corneum, a minor 
contribution to PCA formation by the action of the en-
zyme on y-glutamyl peptides cannot be excluded. 
Pyrrolidone carboxylic acid (PCA) is found in extremely high 
concentrations in mammalian epidermis as compared with the 
internal organs [1]. The compound is known to have an impor-
tant moisturizing effect in the stratum corneum [2] and to vary 
in concentration in various skin disorders, including psoriasis 
[3]. However the exact mechanisms of its synthesis and accu-
mulation, and the manner in which these mechanisms are 
altered in such abnormal skin, have not been fully established. 
The compound can be formed from y-glutamyl peptides by 
the action of y-glutamyl cyclotransferase, from peptides in 
which the N-terminal residue is PCA by the action of pyrroli-
done carboxylyl peptidase, and through direct cyclization of L-
glutarnic acid or L-glutarnine [ 4]. It has been proposed that the 
major PCA synthetic route in the epidermis is a 2-step reaction 
from glutamic acid involving y-glutamyl-cysteine synthetase, 
which converts glutamic acid to a y-glutamyl peptide, followed 
by conversion to PCA and amino acid by y-glutamyl cyclotrans-
ferase [5]. However evidence exists that direct pathways such 
as this may account for only a small percentage of epidermal 
PCA synthesis as after subcutaneous injection of eHJglutarnic 
acid, labeling of PCA occurred only after several days [6]. 
Direct pathways would ·be expected to exhibit rapid labeling 
kinetics. Furthermore, it was reported recently that another 
major soluble constituent of the stratum corneum, urocanic 
acid, was synthesized solely in the cells of the stratum corneum 
from substrate derived from protein degradation [7]. 
The present study was concerned with clarifying the mech-
anism of synthesis of PCA in mammalian epidermis and deter-
mining whether there was any similarity to the mechanism of 
urocanic acid formation_ Firstly, the various possible enzymes 
were quantified and located within the epidermis, and secondly, 
the formation in vivo of [3H]PCA from injected [3H]glutamine 
was followed to identify the precursors of P.CA synthesis. 
Manuscript received October 19, 1981; accepted for publication May 
17, 1982. 
Reprint requests to: John G. Barrett, Environmental Safety Labo-
ratory, Colworth House, Sharnbrook, Bedford MK44 lLQ, U.K. 
Abbreviations: 
PCA: Pyrrolidone carboxylic acid 
TLC: thin-layer chromatography 
MATERIALS AND METHODS 
Enzyme Assays and Separation of Viable Cells and Stratum 
Corneum 
All enzyme assays were essentially as described previously [8] except 
for two modifications. Firstly, the sensitivity of the assays for enzymic 
PCA formation from glutamine and glutamic acid was increased by 
using [G-3H] substrate (40-90 JLCi mmol- 1, Radiochemical Centre, 
Amersham). PCA was separated from glutamic acid and glutamine on 
a small column (2.0 ml bed volume) of Ag50W-X8 ion-exchange resin 
(200-400 mesh; Bio-Rad). Secondly, epidermal homogenates were pre-
pared in 0.5 M Tris-HCl buffer, pH 7.0, then microcentrifuge desalted 
[9] into the appropriate assay buffer. The exception was that homage-
nates for pyrrolidone carboxylyl peptidase assay were prepared in 50 
mM sodium phosphate buffer, pH 7.0 (containing 10 mM 2-mercapto-
ethanol), then desalted into appropriate assay buffer. Isolation of 
epidermis and separation of the viable cells and stratum corneum by 
Dispase (Grade II, Boehringer Corp. Ltd.) was as described previously 
[7]. Briefly, 5 X 1 em strips of skin were floated on PBS medium (0.8% 
NaCl, 0.02% KCl, 0.02% KH2PO,, 0.14% Na2HPO.,. 2H20) containing 100 
IU of penicillin and streptomycin per ml (Gibco Bio-Cult) and 0.25% 
Dispase, for 1 hat 37°C. The epidermis was then peeled away from the 
dermis and incubated in fresh medium containing antibiotics and 
Dispase for 3 h at 37°C. Using this procedure all nucleated cells are 
removed, leaving an intact stratum corneum. The cells were collected 
by centrifugation and thoroughly washed in PBS medium prior to 
assay. The stratum corneum was also washed in PBS medium prior to 
assay. 
The Fate of ["H) Glutamine Injected in Vivo 
Male guinea pigs (400 g in weight) were injected intradermally with 
40 JLCi [ 3H]glutarnine (sp act 30 Ci mmol- 1) . This was performed under 
light cyclopropane anesthesia using a PB600 repeating dispenser with 
a 1.0-ml gas-tight syringe (Hamilton), as described previously for his-
tidine [7]. The hypodermic needle was passed completely through the 
skin, traversed subcutaneously for approximately 2 em, and inserted 
into the dermis from below. This procedure avoids damage to the 
epidermis at the point of injection. A single animal could be given 
multiple injections, as uptake of radioactivity by epidermis 2 em from 
an injection site was less than 3% of that incorporated by the epidermis 
above an injection site (results not shown). At the appropriate time, 
the animal was killed by cervical dislocation, depilated with "Strip-
Wax" (Louis Marcel Ltd., England), and discs of skin 1.3 em in diameter 
removed from each injection site. Epidermis was obtained by freeze-
scraping [7]. This involved placing the discs between 2 glass plates 
which were then placed, dermal side down, on a smooth block of solid 
C02. After the skin was frozen, the upper plate was removed and the 
epidermis scraped from the dermis with a scalpel. The frozen epidermis 
was immediately homogenized in 1.0 ml of 2 mM ethylenediamine 
tetraacetic acid and 2 mM phenyl-methylsulphonyl fluoride (to inacti-
vate proteases) at 4°C. To remove protein prior to thin-layer chroma-
tography (TLC) analysis, HCl was added to the homogenates to a final 
concentration of l M and, after leaving on ice for over 1 h, precipitated 
protein was 1·emoved by centrifugation (50,000 g, 15 min, 0°C). The 
protein pellet was solubilized in 500 !Li Soluene 350 (Packard), while 
the supernatant was dried over NaOH and redissolved in 1 M HCl 
containing ["C] standards of PCA, glutamic acid, and glutamine. Ali-
quots were analyzed by TLC on Polygram CEL 400 TLC plates 
(CamLab., Cambridge) and developed with 2-propanol:butanone:l M 
HCl (60:15:25 v/v) for 15 em. On completion of the run each track was 
cut into 3-mm strips and counted in a solution of 0.5% PPO, 0.02% 
POPOP, 1% water, 10% Soluene 350 in toluene. Solubilized protein 
pellets were counted in the same cocktail minus Soluene. Recovery of 
radioactivity from the strips was about 90%. 
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TABLE I. Activity of PCA synthesizing enzymes in epidermal 
homogenates obtained by freeze-scraping 
y-Glutamyl cyclotransferase 
Pyrrolidone carboxylyl peptidase 
Glutamate cyclase 
Glutamine cyclase 
Activity(! 
(nmol/ h/ cm' ) 
pH 7.0 
287 ± 104 
9±6 
< 70 
< 30 
pH S.O 
1440 ± 300 
<3 
< 70 
< 30 
"Mean and standard deviation of 3 samples. 
TABLE II. Location of y-glutamyl cyclotransferase and pyrrolidone 
carboxyly l peptidase activity in the epidemis 
Epidermis" 
y-Glutamyl cyclotransfer-
ase• pH 8.0 
2950 ± 40 
Pyrrolidone carboxyJyl pep- 30 ± 6 
t idase' pH 7.0 
" Dispase separated. 
Activity 
(nmol/h/cm' ) 
Viable Stratum 
cells corneum 
300 ±50 1690 ± 120 
< 7 12 ± 9 
• Mean and standard deviation of 3 samples. 
' Mean and standard deviation of 6 samples. 
RESULTS 
R ecovery 
% 
71 ± 9 
54± 35 
Considerable activity of y-glutamyl cyclotransferase was 
found in the epidermis (Table I), and over half of this activity 
was located in the stratum corneum (Table II) . Pyrrolidone 
carboxylyl peptidase activity was also observed in both the 
viable cells and stratum corneum, but was considerably less 
than y-glutamyl cyclotransferase (Tables I, II). No enzymic 
cyclization of glutamic acid to PCA was detected by us under 
the conditions described by Wolfersberger and Tabachnik [8]. 
Determination of enzymic cyclization of glutamine to PCA 
was made difficult by the high rates of nonenzymic PCA for-
mation from glutamine under the assay conditions. In 0.15 M 
Tris-HCl buffer, pH 7.5, containing 10 mM glutamine, the rate 
of nonenzymic cyclization of glutamine was 1.2% h- 1• Addition 
of epidermal homogenate at a final concentration of 1 cm2 per 
ml of assay mixture resulted in no detectable change in the rate 
of glutamine cyclization. Similar results were obtained at pH 7 
and pH 8. Because of this high background glutamine degra-
dation, the assay could detect enzymic activity only in excess of 
10 nmol h - 1 cm- 2 of epidermis. In an attempt to improve the 
sensitivity, much higher concentrations of epidermal homoge-
nate together with a lower concentration of glutamine were 
used. A typical experiment involved pulverizing 50 cm2 (300 mg 
wet weight) of freeze-scraped epidermis in liquid nitrogen. This 
was then ground to a paste with 100 !J.l of 1 mM [3H)glutamine 
(167 !LCi !Lmol- 1) in distilled water containing 100 IU penicillin 
and streptomycin per ml and 5 !Lg per ml of fungizone (Flow 
Laboratories) to inhibit microorganism activity. In this system 
the rate of nonenzymic cyclization of glutamine was 0.15% h- 1 
(linear over a period of 48 h at 37°C). This was altered by less 
than 10% by heating the epidermal homogenate at 100°C for 10 
min prior to adding the glutamine. Thus in this system the 
contribution of any enzymic glutamine cyclization was less than 
0.5 pmol- 1 h- 1 cm- 2 of epidermis. 
In order to determine whether any intermediates in the 
formation of PCA accumulate in vivo, and hence give an 
indication of the true reaction pathway, the time course of 
CH]PCA formation from an injected pulse of [3H]glutamine 
was studied. The results are shown in Fig 1. 
Less than 1% of the total radioactivity injected was incorpo-
rated into the epidermis. The remaining radioactivity was re-
moved from the injection site by the circulation. The contri-
bution of this systemic radioactivity to that incorporated by the 
100 
80 
6/24 1 3 5 7 9 
Time after injection (days) 
FIG 1. Synthesis in vivo of protein and PCA following intradermal 
injection of ["H]glutamine. HCl insoluble protein (0 ), PCA (•) , gluta-
mine (.6), and glutamic acid ( +) were separated as described in the text, 
and the radioactivity in each fraction expressed as the % of the total 
radioactivity in the epidermal extract. Each point is the mean and SD 
of 3 samples (bars are not shown where the SD is less than the symbol 
size). 
epidermis was less than 3% (see Materials and Methods). Over 
the 9 days following injection, the total radioactivity in th e 
epidermis at the injection site decreased by approximately 30%, 
presumably due to reabsorption of amino acids after protein 
degradation. 
The level of CHJglutamic acid was very low for the initial 
few days, then rose to remain at around 4-5% for the remainder 
of the time course. During the first few days after injection , 
radioactive protein accounted for virtually all the radioactivity 
present. However, after 2 days the level of tritiated protein fell 
rapidly concomitant with an increase in the levels of both 
CH]glutamine and CH]PCA. This increased amount of free 
glutamine, apparently derived from protein degradation, was 
transient and disappeared when synthesis ofPCA was complete. 
No radioactive intermediates other than PCA, glutamic acid, 
and glutamine were observed on the chromatograms of the HCl 
soluble extract, and these three compounds coclu-omatographed 
with the added [ 14C) standards. 
DISCUSSION 
The present study demonstrates that direct synthetic path-
ways are unlikely to represent a major contribution toward 
epidermal PCA formation as the appearance of [3H)PCA oc-
curred only several days after an injected "pulse" of tritiated 
glutamine; direct pathways would have been expected to exhibit 
rapid labeling kinetics. 
The marked similarity between the time-course of PCA syn-
thesis and that of urocanic acid synthesis [7] strongly suggests 
that PCA, like urocanic acid, is synthesized in the stratum 
corneum from substrate derived from protein degradation. We 
have evidence that substrates for PCA and urocanic acid syn-
thesis are, in fact, derived from the same protein source [10]. 
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As there is believed to be no capacity for A TP synthesis in the 
stratum corneum, the 2-step reaction involving y-glutamyl-cys-
teine synthetase and y-glutamyl cyclotransferase as the major 
epidermal PCA synthetic route [5] is probably a minor pathway, 
as the former enzyme requires ATP for activity. 
During the period of [3H]PCA synthesis a transient peak of 
[ 3H]glutamine was observed, clearly indicating that cyclization 
of glutamine is a major pathway of PCA formation in the 
epidermis. 
We were unable to detect evidence of enzymic cyclization of 
glutamine in epidermal homogenates, which confirms the re-
sults of Marstein [5] but is in contrast to those ofWolfersberger 
and Tabachnik [8]. High and variable rates of nonenzymic 
degradation of glutamine to PCA were observed however, as 
has been reported previously. For example, in phosphate buffer, 
pH 7.4, as much as 28% of the glutamine present was converted 
to PCA in 20 h [11], while in phosphate buffer, pH 7.2, and 2-
cell culture media at 37°C, 10% of the glutamine decomposed 
per day [12]. Phosphate and bicarbonate ions have also been 
shown to accelerate the degradation of glutamine at pH 8.2, 
37°C [13]. 
Our results for the rates of nonenzymic cyclization varied 
from 0.5% per day (1 mM glutamine, aqueous solution, 37°C) 
through 5% per day (1 mM glutamine, 0.1 M Tris-HCl pH 7.0, 
37°C) to 20% per day (1 mM glutamine, 0.1 M sodium phosphate 
pH 7.0, 37°C) . Unfortunately it is difficult to reproduce exper-
imentally the actual conditions within the aqueous compart-
ment of the stratum corneum (uncertain pH and water activity, 
very high solute and protein concentration). Hence we cannot 
be certain that conditions are present to account for the rate of 
cyclization of glutamine seen in vivo. In principal, however, it 
would appear that nonenzymic cyclization of glutamine could 
be sufficiently rapid to account for the rate of formation of PCA 
seen in vivo. For a similar reason we cannot reproduce experi-
mentally the in vivo operating conditions for any enzyme pre-
sent. Thus we cannot discount the possibility that a functional 
glutamine cyclase might exist in the stratum corneum but be 
inactive under the conditions used for its assay. 
Another possible route of formation of PCA that cannot be 
completely excluded is that involving y-glutamyl cyclotransfer-
ase and y-glutamyl transpeptidase. The activity of y-glutamyl 
transpeptidase has been found in the epidermis [5,8], and our 
results indicate the presence of y-glutamyl cyclotransferase in 
the stratum corneum (Table II). It has been shown [14,15] that 
y-glutamyl transpeptidase can synthesize y-glutamyl peptides 
from free glutamine in a reaction not requiring ATP (as distinct 
from y-glutamyl-cysteine synthetase which requires ATP for 
activity). y-Glutamyl cyclotransferase could act on y-glutamyl 
peptides formed in this Vfay to produce PCA. The absence of 
radioactive y-glutamyl peptide intermediates in the time course 
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experiment described above might be indicative of the high 
activity of y-glutamyl cyclotransferase activity which would 
rapidly convert such peptides to PCA. 
Although we consider it most likely that nonenzymic cycli-
zation is the major route of conversion of glutamine to PCA, 
the possibility of a contribution from enzymic synthetic path-
ways cannot be completely excluded in vivo. 
In summary, a major pathway of PCA synthesis in mamma-
lian epidermis appears to be that protein containing glutamine 
breaks down in the stratum corneum, releasing glutamine which 
is converted, probably nonenzymically, to PCA. 
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